ABSTRACT Cockroach suppression is fundamental to cockroach allergen mitigation in infested homes. The effects of various cockroach control strategies on cockroach populations and allergen concentration have not been examined in schools. This study was conducted to compare the effectiveness of integrated pest management (IPM) and conventional pest control in controlling German cockroach (Blattella germanica L.) infestations and concentrations of the cockroach allergen Bla g 1 in public school buildings. Two school districts included six schools that used conventional pest control and one district included seven schools that used IPM to control pests. Cockroach traps were deployed to assess the level of infestation, settled dust samples were collected in food service areas, classrooms, and other school areas, and the Bla g 1 allergen was quantiÞed by ELISA. Both cockroach counts and Bla g 1 concentrations were dependent on the pest control approach, with highly signiÞcant differences between IPM-treated schools and conventionally treated schools in both the cockroach mean trap counts (0 versus 82.6 Ϯ 17.3 cockroaches/trap/wk, respectively) and in the amount of Bla g 1 in dust samples (2.8 Ϯ 0.3 versus 30.6 Ϯ 3.4 U/g dust). Cockroaches and Bla g 1 were primarily associated with food preparation and food service areas and much less with classrooms and ofÞces. Our data extend recent Þndings from studies in homes, showing that cockroach allergens can be reduced by cockroach elimination alone or by integrating several tactics including education, cleaning, and pest control. IPM is not only effective at controlling cockroaches but also can lead to long-term reductions in cockroach allergen concentrations, resulting in a healthier environment for students and school personnel.
The prevalence of asthma has increased dramatically over the last 40 yr, ostensibly as a result of changes in structural design and more time spent indoors, which have consequently prolonged exposure to perennial allergens (Platts-Mills et al. 1998 , Krieger et al. 2000 , Mannino et al. 2002 . In the United States, asthma affects Ϸ30 million people, 9 million of whom are under the age of 18 yr (Dey and Bloom 2005) , and it is one of the most costly diseases, with an estimated annual cost of $12.7 billion (Weiss and Sullivan 2001) . According to the Third National Health and Nutrition Examination Survey (NHANES; CDC 1988 Ð1994), Ϸ43% of the U.S. population, 6 Ð59 yr of age, is allergic to at least one common indoor allergen, and 26% exhibit allergic sensitization to the German cockroach (Arbes et al. 2005a ). Sensitization and exposure to German cockroach allergens are associated with the development and exacerbation of acute asthma morbidity and increased medical utilizations, especially among inner city children (Call et al. 1992 , Gelber et al. 1993 , Rosenstreich et al. 1997 .
Most allergic disease and asthma result from sensitization and perennial exposure to allergens. It follows that the central tenet of asthma intervention should be to minimize exposure through environmental allergen reduction (IOM 2000) . The two obvious components of a strategy for minimizing exposure to German cockroach allergens are (1) eradication of cockroach populations and (2) removal of cockroach allergens from homes, schools, and other areas where children spend time.
There are two main approaches to suppression of cockroach populations. The Þrst approach, conventional cockroach control, entails prophylactic or scheduled applications of pesticides to a structure (Miller and Meek 2004, Williams et al. 2005 ) whether or not the structure is infested with cockroaches. The other approach, integrated pest management (IPM), combines various actions or tactics to mitigate cockroach infestations (Schal and Hamilton 1990 , Miller and Meek 2004 , Williams et al. 2005 and to prevent future infestations. In IPM, the infested structure is inspected and monitored (usually with sticky traps) to locate cockroach infestations and to determine availability of conditions that are conducive to cockroach infestations. Based on this information, a decision is made on the necessary action(s) to control the current infestation and to prevent recurrence. Insecticides can be applied as needed in IPM, but the choice of active ingredients and formulations considers "reduced-risk" products that can be targeted at cockroach aggregations and harborages to minimize exposure to people.
Allergen removal is accomplished through vacuuming to remove contaminated dust, dead cockroaches, and their feces from structures and cleaning to remove allergen from ßoors, bedding, and other surfaces within homes . Cleaning alone, without suppressing the cockroach population, does not afford long-term allergen reduction; therefore, most cockroach allergen mitigations have used a mix of intervention strategies, most commonly pest control coupled with cleaning . Until recently, however, there has been sparse evidence that cockroach control alone could attain longterm, clinically relevant reductions in cockroach allergens in infested structures. Sarpong et al. (1996) and Sever et al. (2007) clearly showed that cockroach control alone signiÞcantly reduced cockroach allergen levels in homes. The effect of cockroach control has not been shown in school settings, even though many schoolsÑin both urban and rural districtsÑare prone to cockroach infestations and have clinically relevant cockroach allergen levels (Sarpong et al. 1997 , Abramson et al. 2006 , Perry et al. 2008 . Our study was conducted to compare the effectiveness of IPM and conventional pest control in controlling German cockroach (Blattella germanica L.) infestations and in reducing concentrations of the German cockroach allergen Bla g 1 in public school buildings.
Materials and Methods
Selection of Schools. Maintenance directors of school districts in central and eastern North Carolina were contacted to recruit schools into this study. Three school districts agreed to participate in the study (Guilford County Schools, Wake County Public Schools, and a third school district in eastern North Carolina that preferred to remain anonymousÑwe refer to this school district as "East NC County"): two districts (Guilford County and East NC County) used conventional pest control (six schools used in this study) and one district (Wake County) used IPM to control pests (seven schools used in this study).
Pest Control Procedures in Schools. All schools had ongoing standard pest management programs and they continued with their procedures during this study without any supervision or direction from study personnel. The Wake County Public School System (IPM) had an in-house pest management program operated entirely by pest control technicians employed by the Environmental Health and Safety Department of the school district. The technicians were responsible for controlling indoor pests in all the schools. They were scheduled to visit each school monthly, during which they reviewed the pest sightings log, inspected school buildings and grounds and talked to school employees on site about pest control concerns. The technicians documented conditions that might be conducive to pests and reported them to the relevant department for remediation. They usually deployed sticky traps in the kitchens, teachersÕ lounges, and employee lavatories to monitor pests between service visits. In case of pest sightings, the technicians determined whether it was necessary to treat, and they used mainly baits and occasionally aerosol formulations of residual insecticides directed into cracks and crevices (Table 1) .
The Guilford County School District (conventional) contracted a pest management professional (PMP) to provide pest control services. Interviews with the cafeteria managers indicated that schools were serviced monthly, but the technicians did not inspect or monitor for pests. During service visits, the technicians applied water-based organophosphate sprays or pyrethroid aerosol sprays to baseboards, and occasionally used baits in cracks and crevices (Table 1) .
Pest control in the East NC County Schools (conventional) was primarily done in-house by school custodial and cafeteria staff and by a contracted PMP on a Since this study was completed, the Guilford County School District and the East North Carolina County Schools have changed their practices, and the conditions reported in this study are no longer prevalent (data not shown). Personnel from the School IPM Program of North Carolina State University (Department of Entomology) helped to control the cockroach infestations at the end of the study. In addition, recommendations for removing cockroach-conducive conditions and IPM programs were implemented.
an "as needed" basis. The PMP applied a mixture of pyrethroids and an insect growth regulator (IGR) to the baseboards and to cracks and crevices, whereas the school staff used boric acid along baseboards and bait gels and bait stations in other areas (Table 1) .
Monitoring Cockroach Populations. All monitoring of German cockroach populations was conducted by us from November 2003 through May of 2004, as schools became available for the study, without interfering with the standard pest control procedures of each school. We conducted visual inspections of the kitchens to discover infested areas or for evidence of infestation before placing cockroach traps (Victor Roach Pheromone Traps; Woodstream, Lititz, PA) near visible signs of cockroaches ( Fig. 1) . A variable number of traps ranging from 6 to 18 per school were placed in kitchens, cafeterias, and other areas (teachersÕ lounges, lavatories) of the schools. Traps were not placed in classrooms because we saw little evidence of infestation and it was difÞcult to obtain consistent access to classrooms. Traps were generally retrieved after 1 or 2 d, but in some instances we could not retrieve traps for up to 12 d. Therefore, trap catch was standardized "per trap per week." The average (ϮSEM) time that traps were deployed was 3.71 Ϯ 1.43 d. All trapped cockroaches were counted in the laboratory.
Settled Dust Collection and Assay. Dust samples were collected from November 2003 to May 2004, as schools became available for sampling. Settled dust samples were collected in food service areas, classrooms, and other school areas using a modiÞed Eureka Mighty-Mite 9.0-ampere vacuum cleaner (Eureka, Bloomington, IL). A 19 by 90-mm cellulose extraction thimble (Whatman International, Kent, United Kingdom) was placed in the distal end of the extension tube, sealed with a rubber O-ring around the thimble, and covered with a clean crevice tool. A 2-m 2 area of the ßoor was vacuumed for 1 min. Thimbles containing the collected dust were placed into individual 50-ml centrifuge tubes (Fisher, Pittsburgh, PA) and transported at ambient temperature to the laboratory. Samples were stored at Ϫ20ЊC until processing.
Dust was collected from ßoor surfaces in food service areas where cockroach infestations had been ascertained by traps or visual inspection and from areas most likely to harbor cockroaches. Because no trapping was done in classrooms, the classrooms were selected for dust collection based on reports by teachers that cockroaches had been sighted and by our observations of signs of previous cockroach presence or infestation. Nine to 12 dust samples were collected per school in the IPM schools and 7Ð 8 samples were collected in conventionally treated schools. The number of samples collected in each school depended on size of the room and availability of relevant space to vacuum (space that is used by children and staff on a daily basis)Ñwe vacuumed only ßoor space that was exposed and often used by children during class or playtime, but did not move stored items, equipment, or heavy furniture. Similarly, we vacuumed kitchen areas and areas adjacent to teachersÕ desks, and administrative secretary desks and chairs.
Vacuumed dust samples were sieved through a 425-m pore grating to remove large particles, weighed, and separated into 50-mg aliquots of dust. Aliquots were extracted in phosphate-buffered saline (PBS) overnight and centrifuged at 12,000 rpm for 10 min. Supernatants were decanted and stored at Ϫ20ЊC until assay. Bla g 1 (Blattella germanica allergen 1) concentration in samples was measured using a monoclonal capture and polyclonal detector ELISA (Indoor Biotechnologies, Charlottesville, VA) as described by Pollart et al. (1991) . Allergen concentration is reported as units of Bla g 1 per gram of dust (U/g), and the lower limit of detection was 0.1 U/g of vacuumed dust.
Data Analyses. This study was laid out in a split plot design with schools as the whole plot factor and treatment as the subplot factor. Trap data were analyzed by treatment and by location within schools using PROC GLM (analysis of variance [ANOVA]; SAS Institute 2001). Bla g 1 allergen samples, like trap data, were analyzed by school, location (classroom, food service/ eating area, or faculty area), and treatment (IPM or conventional pest control). The allergen data were log transformed (Bla g 1 level ϩ 0.5) and subjected to PROC GLM (ANOVA; SAS Institute 2001). For calculations of geometric means, a value of one half the limit of detection (0.05) was used for each zero value, so that the information contained in these data were not lost. 
Results
German Cockroach Trap Counts. There were highly signiÞcant differences in the number of German cockroaches trapped in IPM-and conventionally treated schools (t ϭ 3.402; df ϭ 119; P Ͻ 0.001). We recovered a total of 41 traps from the seven IPM schools; no cockroaches were trapped in any of these traps, whereas 80 traps recovered from conventionally treated schools averaged 82.6 Ϯ 17.3 (SEM) cockroaches per trap per week ( Fig. 2A) . Considering all 80 traps, nymphs represented 86.2 Ϯ 3.3% of the trapped insects, with adult males and females represented approximately equally at Ͻ7% each (Fig. 2B) .
Trap catch was highly variable in the six conventionally treated schools, ranging from 9.2 Ϯ 3.4 cockroaches per each of 7 traps per week in Kirkman Park Elementary School to 187.2 Ϯ 54.4 cockroaches per week in each of 17 traps in East NC 5 (Fig. 2C) . Trap catch also varied greatly by location within the school; although sticky traps in the cafeterias and kitchens trapped far more cockroaches than did traps in ofÞces, differences were not statistically signiÞcant (t ϭ 1.991; df ϭ 77; P ϭ 0.157) because we deployed few traps outside of food preparation and service areas (Fig.  3A) . The number of cockroaches trapped per week also varied by location within the kitchen and cafeteria (F ϭ 3.923; df ϭ 2,55; P ϭ 0.026), with most cockroaches trapped under the kitchen sink, under other kitchen counters, and in and around equipment such as refrigerators, freezers, and dishwashers (Fig. 3B) . We also routinely trapped cockroaches in cafeterias of conventionally treated schools, mainly around vending machines and the food service lines.
Allergen Concentrations. There were highly significant differences in the mean concentration of Bla g 1 between IPM-and conventionally treated schools. Bla g 1 concentrations were signiÞcantly lower in IPMtreated schools than in schools treated with conventional approaches (F ϭ 31.57; df ϭ 1; P Ͻ 0.0001; Fig.  4 ). Nevertheless, it is important to note that Bla g 1 was undetectable (Ͻ0.1 U/g dust) in many settled dust samples, resulting in medians of 0 U/g dust in both sets of schools. The geometric mean in conventionally treated schools was 0.53 (N ϭ 80) compared with 0.08 (N ϭ 72) in IPM-treated schools (with zero values replaced by 0.05Ña value of one half the limit of detection).
There were highly signiÞcant differences (F ϭ 11.85; df ϭ 2; P Ͻ 0.0002) in mean Bla g 1 concentrations among areas where dust was collected in schools, with signiÞcantly more allergen collected in the food service areas compared with the classrooms and faculty areas in the conventionally treated schools. Although we found higher concentrations of Bla g 1 in classrooms (4.4 U/g) than in food service areas (mean ϭ 0.23 U/g) and teachersÕ areas (0.26 U/g) in IPM schools, only 4 of 14 classroom samples had detectable Bla g 1, and one sample collected near the teacherÕs desk (190.4 U/g) accounted for the high mean (Fig. 5) . The median Bla g 1 concentrations in food service and teachersÕ areas were 26.8 and 2.4 U/g, respectively, in conventionally treated schools compared with 0.0 in both areas in IPM-treated schools. The treatment ϫ room type interaction was statistically signiÞcant (F ϭ 11.15; df ϭ 2; P Ͻ 0.0003), indicating that lower Bla g 1 concentrations were generally found in various room types (kitchen, cafeteria, teachersÕ lounges, ofÞces) in schools under IPM contracts. The school ϫ treatment interaction was not signiÞcant (F ϭ 0.66; df ϭ 13; P Ͼ 0.05), suggesting that similar Bla g 1 levels were found in schools within each of the two treatments.
Since this study was completed, the Guilford County schools and the East NC County schools have modiÞed their pest control practices, and the conditions reported in this study are no longer prevalent (data not shown).
Discussion
Several studies have documented the ubiquitous presence of cockroach allergens in schools and preschool centers across the country (Custovic et al. 1996 , Sarpong et al. 1997 , Fernandez-Caldas et al. 2001 , Chew et al. 2005 , Tranter 2005 , Perry et al. 2008 ). However, most have concentrated on urban, inner city schools (Amr et al. 2003 , Chew et al. 2005 , Perry et al. 2008 , and none have documented either the presence of active cockroach infestations in the schools (for review, see Gore and Schal 2007) or a relationship between the prevailing pest control services in the school and the combined environmental prevalence of cockroaches and cockroach aeroallergens. This study is the Þrst to evaluate the effectiveness of conventional cockroach control (routine, calendar-based insecticide applications) and IPM in controlling German cockroach infestations and reducing cockroach allergen levels in schools. Schools using the IPM approach had no detectable cockroach infestations and we found signiÞcantly lower concentrations of Bla g 1 than in conventionally treated schools, which had high cockroach trap counts and concomitantly much higher Bla g 1 allergen levels.
Fourteen percent of the dust samples from IPMtreated schools and 44% of the samples from conventionally treated schools had detectable Bla g 1 (i.e., Ͼ 0.1 U/g dust). However, only 1.4% (1 of 72) of the dust samples from IPM schools had Ͼ2 or 8 Bla g 1 U/g dust, the proposed sensitization and morbidity thresholds, respectively, for this allergen (Rosenstreich et al. 1997 , Eggleston et al. 1998 ). However, 35% (28 of 80) of the dust samples from conventionally treated schools had Ͼ2 U Bla g 1/g dust, and 20% (16 of 80) had Ͼ8 U/g of dust. This relatively high level of antigen detected in school dust is of concern because it may constitute an important occupational risk to students, teachers, and other school personnel (Sarpong et al. 1997) . It is important to note, however, that the highest cockroach allergen concentrations were in the kitchen and cafeteria of conventionally treated schools, suggesting that other personnel in these schools may be at greater risk than students and teachers.
We detected high numbers of cockroaches and high concentrations of Bla g 1 in kitchens and other food service areas of conventionally treated schools and much lower levels in classrooms and ofÞces (Figs. 3A and 5) . In fact, samples of settled dust from classrooms showed no differences in Bla g 1 concentrations between IPM-treated and conventionally treated schools (Fig. 5B) , consistent with the observations that most cockroach sightings, cockroach infestations, and cockroach control efforts were directed at food service areas and not at classrooms. Although the median Bla g 1 levels in both sets of classrooms were zero, the mean levels were higher than the proposed sensitization threshold for this allergen, indicating that levels of exposure and risk would be high in some classrooms. These results underscore the need for effective pest control and allergen mitigation in food service areas and also in classrooms, where food is also available and where elementary school children spend most of their time, often in close contact with settled dust on carpeted ßoors.
The Bla g 1 aeroallergen concentrations we measured in conventionally treated schools were similar to measurements that we have made in North Carolina homes (Arbes et al. 2003 (Arbes et al. , 2004 Sever et al. 2007) and to levels measured in North Carolina daycare facilities (Arbes et al. 2005b) . It is important to recognize that, although children may encounter cockroach and other allergens in various settings, they spend most of their time in the school and home environments, where sensitization and exposure risks are highest. It is not surprising, therefore, that a positive correlation was found between asthma prevalence and cockroach allergen exposure in inner city elementary schools (Amr et al. 2003) . Our environmental sampling further indicates that suburban, nonÐinner city schools may be subject to the same levels of cockroach infestations and allergens as inner city schools and homes. Fortunately, IPM programs have now been shown to be highly effective in both home and school settings and in both inner city and nonurban settings.
Schools treated with conventional pest control had higher German cockroach trap counts than IPMtreated schools, indicating that conventional pest control is less effective than IPM in controlling German cockroaches. This difference between IPM and conventional pest control has been shown in other urban settings (Arbes et al. 2003 , Miller and Meek 2004 , Peters et al. 2007 ). IPM uses inspections and monitoring to identify and remedy conditions that are conducive to cockroach infestations (food, water, appropriate shelters such as cracks and crevices), detect infestations early, and pinpoint cockroach aggregations and infestations. Whenever insecticides are needed, reduced-risk formulations, such as baits, are preferred, and they are targeted precisely at the cockroach aggregations and shelters that have been identiÞed during inspections, thus increasing the bioavailability of the insecticide treatments to cockroaches while minimizing exposure of building occupants. On the contrary, conventional pest control tends to rely on residual insecticides that are sprayed onto baseboards and other surfaces without regard to whether cockroaches are present; that is, monitoring or inspection are not used to determine the presence and distribution of cockroaches. Sever et al. (2007) reported that PMPs were less able to effectively control cockroaches in homes even though some used bait stations and gel baits. The authors attributed lower effectiveness to lack of monitoring of cockroach populations, resulting in poor targeting of insecticide treatments and consequently poor control.
Higher cockroach trap catches correlate with higher Bla g 1 levels, as seen in conventionally treated schools (see also Wang et al. 2008) . The food service areas of conventionally treated schools had higher Bla g 1 levels than the classroom and faculty areas of the schools. This is probably because conditions that are conducive to cockroach infestations (e.g., food, water, warmer temperatures, and cracks and crevices) were more readily available in food service areas than in other areas of the schools. In the IPM schools, a signiÞcantly higher Bla g 1 level was seen in classrooms than food service areas. This is probably because food is allowed in kindergarten and lower elementary school classrooms. However, this observation was attributed to one dust sample that had a much higher Bla g 1 content than the rest of the dust samples from that school and the entire school district.
The results of this study support the latest Þndings that cockroach allergen concentrations can be reduced by integrating several tactics including education, cleaning, and pest control (Arbes et al. 2003 , Peters et al. 2007 or by cockroach elimination alone (Arbes et al. 2004 , Sever et al. 2007 ). School districts that are hesitant to adopt IPM methods because of skepticism about the effectiveness of this pest control approach can be encouraged to implement IPM programs because both prospective and retrospective studies show that IPM is more effective than conventional pest control, and it can lead to long-term reductions in cockroach allergens, resulting in a healthier school environment for students and teachers. Our study did not consider the effects of exposure to cockroach allergens on asthma and other health outcomes in children and school workers. Nevertheless, the well-documented relationship between exposure to cockroach allergens and childhood morbidity in inner city homes (Rosenstreich et al. 1997) provides strong support for similar associations in other indoor environments, including schools. Therefore, both the home and school environments should be the principal sites for primary and secondary efforts to prevent allergic disease.
